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(54) Dispersion-shifted fiber 

(57) The present invention provides a dispersion- 
shifted fiber which can effectively restrain nonlinear opti- 
cal effects from occurring and Is suitable for long-haul 
transmission. As characteristics at a wavelength of 
1 ,550 nm, this dispersion-shifted fiber has a dispersion 
whose absolute value is from 1 .0 to 4.5 ps/nm/km, an 
effective core cross-sectional area of at least 70 ^m^, a 
cutoff wavelength of at least 1 ,300 nm at a fiber length 
of 2 m, and a dispersion slope of 0.05 to 0.09 
ps/nm^/km. Also, in this dispersion-shifted fiber, the 
position where the optical power distribution in the fun- 
damental mode of the signal light is maximized is radi- 
ally separated from the center of the core region by a 
predetermined distance, and, when the optical power in 
the fundamental mode of signal light at the center of 
core region Is Pq and the maximum value of the optical 
power distribution in the fundamental mode is Pi, the 
maximum value Is greater than the value of 1 .2 times 
the optical power Pq at the center of core region. 
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Description 

BACKGROUND OF THE INVENTION 

Reld C3f the Invention 5 

The present invention relates to a single-mode opti- 
cal fiber applied to a transmission line for optical com- 
munications or the like and. in particular, to a 
dispersion-shiited fiber suitable for wavelength division io 
multiplexing (WDM) transmission. 

Related Background Art 

Conventionally, in, optical communication systems is 
employing single-nKxie optical fibers as their transmis- 
sion lines, light in the vyavelength band of 1 .3 ^m or 1 .55 
^m has often been utilized as signal light for communi- 
cations. Recently, from the viewpoint of reducing trans- - 
mission loss in transmission lines, the light in the 1 .55- 20 
)im wavelength band has been in use wore and more. 
The single-mode optical fiber applied to such a trans- 
mission line for light in the wavelength band of 1 .55 nm • 
{hereinafter referred to as 1 .55-^m single-mode optical 
fiber) is designed so as to nullify its wavelength disper- 25 
sion (phenomenon in which pulse wave broadens 
because the propagating speed of light varies depend- 
ing on its waveleng^) for light in the wavelength band of 
1 .55 \in\ (thus yielding a dispersion-shifted fiber.having r 
a zero-disperision wavelength of J. 55 ^m). As such a 30 
dispersion-shifted, fiber, for example. Japanese Patent 
Publication No. 3-18161 discloses a dispersion-shifted - • - 
fiber having e refractive index profile of a dual-shape- - 
core structure, whoso core region is constituted by an • 
inner core and an outer core having a refractive index ^35 
lower than that of the inner core. Also, Japanese Patent r 
Application , Laid-Open No. . 63-43107 and Japanese . 
Patent Application Laid-Open No. 2-141704 disclose a 
dispersion-shifted fiber having a refractive index profile ^ 
of a depressed d adding/dual -shape-core structure, 40 
whose cladding region is constituted by an inner clad- 
ding and an outer cladding having a refractive index , 
greater than that of . the inner cladding. Further, V.A. 
Bhagavatula et al., ORC. 95 Technical Digest Paper 
ThHI, 1995, and P Nouchi et al:, ECOC 96, Paper .45 
MoB.3.2, 1996 disclose a dispersion-shifted fiber hav- 
ing a refractive index profile of a ring-shaped core struc- 
ture. 

Recently, on the other hand, since long-haul trans- 
mission has become possible with the advent of wave- so 
length division multiplexing (WDM) transmission arsd 
optical anplifiers, there have been proposed, in order to 
avoid nonlinear optical: effects, dispersion-shifted fibers 
employing a refractive index profile of the above-men- 
tioned duai-shape-core structure or depressed clad- 55 
ding/dual-shape-core structure, whose zero-dispersion 
wavelength is shifted to the shorter wavelength side or 
longer wavelength side than the center wavelength of 



signal light (Japanese Patent Application Laid-Open No. 
7-168046 and U.S. Patent No, 5,483,612). Here, the 
nonlinear optical effects refer to phenomena in which 
signal light pulses are distorted in proportion to density 
of light intensity or the like du to nonlinear phenomena 
such as four-wave mixing (FWM), self-phase modula- 
tion (SPM), CTOss-phase modulation (XPM), or the like. 
Transmission speed and relaying intervals in repeating 
transmission systems are restricted by the nonlinear 
optical effects. 

Japanese Patent Application Laid-Open No. 8- 
248251 proposes an optical fiber having a configuration 
which suppresses the occurrence of the above-men- 
tioned nonlinear optical phenomena, which may be gen- 
erated when light having a high power is incident on the 
optical fiber, thereby reducing the distortion in optical 
signals caused by these nonlinear optical phenomena. 
Such an optical fiber has a refractive index profile 
whose effective core aoss-sectional area Aett 'S 
designed to be greater than about 70 ^im^. 

Here, as disclosed in Japanese Patent Application 
Laid-Open No. 8-248251, the effective core cross-sec- 
tional: area Aefi is given by the following expression (1): 




•wherein E is an electric field accompanying propadated - ' 
light, and r is a radial distance from the core center. „ ; . 

On the other hand, dispersion slope is defined by 
the gradient of a graph indicating a dispersion charac- 
teristic in a predetermined wavelength band. 

SUMMARY OF THE INVENTION 

Having studied the foregoing prior art, the inventors 
have found the following problems. 

In general, while the dispersion slope increases as 
the effective core cross-sectional area Aoh is greater, no 
consideration has been made in the conventionally pro- 
posed dispersion-shifted fibers so as to. optimize their 
dispersion slope value, which relates to the occun-ences - . 
of distortion in signal light waveform due to dispersion 
and nonlinear optical effects, from the viewpoint of: 
reducing distortion in the whole waveform. . 

Accordingly, in view, of future advances in v/ave- 
length division multiplexing accompanying more sophis- 
ticated communications, expected is a situation where it . 
is difficult to keep a transmission quality by simply 
employing a conventional dispersion-shifted fiber. 

In order to overcome the problems such as those r 
mentioned above, it is an object of the present invention 
to provide a dispersion-shifted fiber for WDM transmis- 
sion, suitable for long-haul submarine cables or the like, . 
which has a structure for effectively restraining the non- . 
linear optical phenomena from occurring. 
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The dispersion-shifted fiber according to the 
present invention is a single-mode optical fiber for prop- 
agating signal light in a 1.55 jim wavelength band 
(namely, a wavelength in the range of 1 .500 nm to 1 .600 
nm) comprising a core region extending along a prede- 5 
termined reference axis and a cladding region disposed 
around the outer periphery of the core region. This dis- 
persion-shifted fiber has a zero-dispersion wavelength 
shifted to a shorter wavelength side or longer wave- 
length side from the center wavelength (1,550 nm) of 70 
the 1 .55-^m wavelength hand. 

tn particular, as characteristics at the center wave- 
length (1,550 nm) of the t SS-^im wavelength band; the 
dispersion-shifted fiber according to the present inven- 
tion has, at least, a dispersion whose absolute value is is 
1 .0 to 4.5 ps/nm/km, a dispersion slope of 0.05 to 0.09 
ps/nm^/km, an effective core cross-sectional area of at ' 
least 70 ^m?. and a cutoff wavelength of at least 1,300 
nm at a fiber length of 2 m. 

In general, at a time of wavelength division nr:ulti- •■20 
plexing transmission, if the dispersion slope is small, a 
four-wave mixing which greatly distorts the waveform of 
a signal light is apt to occur. When the dispersion slope - 
is large, on the other hand, the waveform of signal light 
is greatly distorted due to the synergistic effect of accu- 2s 
mutated dispersion and self-phase modulation. 

As a result of studies, the inventors have found that, 
in the case where, at a wavelength of 1,550 nm, the 
at«olute value of dispersion is 1 .0 to 4.5 ps/nm/km and 
the effective core-cross-sectiohal area is 70 ^un^ or . -sa 
greater, the totals amount of distortion in signal light 
waveform can be reduced in a tong-haul transmission if 
the dispersion slope is 0.05 to 0.09 ps/nm^/km. Here, 
the total amount of distortion refers to the sum of the 
distortion in signal light waveform caused by the four- 35 
wave mixings and the distortions in signal light wave-L . 
form caused by the synergistic effect of accumulated 
dispersion and self-phase modulation. Thus, the disper- 
sion-shifted fiber according. to the present invention can 
restrain the distortion from occurring due to the nonlin- 40 
ear optical effects, thereby allowing high-quality signal 
transmission to be realized. > 

Further, in tfie dispersion -shifted fiber according to 
the present invention, the core region is constituted by 
an inner core having alirst refractive index, and an outer 4S 
core disposed around ihe outer periphery of the inner 
core and having a secOTid refractive index higher than 
the first refractive index; whereas a cladding region hav- 
ing a refractive index lower than the second refractive 
index is disposed around the outer periphery of the so 
outer core. It means that this dispersion-shifted fiber, 
can be suitably realized by a single-mode optical fiber 
having a refractive index profile of a ring-shaped core 
structure. - 

In a dispersion-shifted fiber having a refractive ss 
index profile of • a duai-shape-core structure or 
depressed cladding/dual-shape-core structure, while its 
effective core cross-sectional area Agfi is known to - 



become large, its mode field diameter (MFD) also 
increases. This can also be seen from the fact that, as 
disclosed in Japanese Patent Application Latd-Open 
No. 8-220362, effective core cross-sectional area Agft 
and MFD satisfy the following expression: 

A,„ = k • n . (MFD/2)' (2) 

wherein k is a correction coefficient. Here, the effective 
* core cross-sectional area Agff is given by the above- 
mentioned expression (1). 

In a dispersion-shifted fiber having a refractive 
index profile of a ring-shaped core structure, by chang- 
ing its core diameter (outside diameter of the outer core) 
while keeping the ratio between the outside diameter of 
the inner core and the outside diameter of the outer core 
constant, the inventors have found the following facts. 
Namely, within a range where the core diameter is 
small, the greater is the core diameter, the smaller 
becomes the effective core cross-sectional area A^^. 
Within a range where the core diameter is considerably 
large, by contrast, the effective core, cross-sectional 
area increases togeth©- with the. core diameter. It 
means that there are two core diameter values yielding 
the same effective core cross-sectional area A^ff in a 
dispersion-shifted fiber having a refractive index profile 
of a ring-shaped core-structure. - *' 

Similarly, in the dispersion-shifted fiber having a 
refractive index profile of a ring-shaped coc^-^structure, 
when tiie^core diameter (outside diameter of the' outer 
core) ig/changed while 1he ratio between* the outside 
diameter of the inner core and the oufeide diameter of • 
the outer xore is kept-constant, the dispersion, slope 
changes as well. Namely, within a range where the core 
diameter is small, in response to increase inicorffdiam- 
eter, the dispersion slope as well as the effective core i 
cross-sectional area A^ff decreases. 'Within a range 
where the core diameter is considerably large,'by con- 
trast, while the effective core cross-sectional area A^ff 
increases in'response to increase in the core diameter, 
the dispersion slope decreases. It means .that, in the- 
dispersion-shifted fiber having a refractive index profile 
of a ring-shaped core structure, there is a region of core 
diameter where tiie dispersion slope decreases in 
response to increase in the effective core cross-sec- 
tional area Aeff. 

In view of the foregoing, it is possible to obtain a dis- 
persion-shifted fiber having both of an effective core 
CTOss-sectional area Aeff which is conti-olled so as to 
became greater and a dispersion slope which is control- 
led so as to become smaller. 

Consequently, when setting the effective core 
aoss-sectional area A^ff to a predetermined level, a 
desired dispersion slope value can be appropriately - 
selected from two different dispersion slope values, thus 
making it easy to realize th dispersion-shifted fiber 
according to the present invention. 

Further, in- the dispersion-shifted ftoer having a 
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retractive index profile of a ring-shaped core structure, 
within a range where the core diameter is small, both 
effective core Cross-sectional area A©f| and MFD 
decrease as the .core diameter increases. Within a 
range where the core diameter is considerably large, as 5 
the core diameter Increases, the MFD decreases, 
whereas the effective core aoss-sectional area A^ff 
increases. Here, when changing the core diameter (out- 
side diameter of the outer core), the ratio between the 
outside diameter of the Inner core and the outside diam- 70 
eter of the outer core is kept constant. In general, bend- 
ing toss becomes smaller as the MFD is smaller and the 
cutoff wavelength is longer. From this viewpoint, the 
larger the diameter of the core is, the more advanta- 
geous it becomes. . 75 

Specifically, according to the findings of the inven- 
tors, in order to realize a dispersion-shifted fiber having 
the above-mentioned characteristics, it is necessary to 
satisfy the following relationships: 

. - 20 

0.4 ^ Ra (= 2a/2b) ^ 0.8 

5 nm^ 2b ^14 Jim 

wherein 2a is an outside diameter of the inner core, and . 25 
2b is an outside diameter of the outer core. 

Also, this dispersion-shifted fber satisfies the fcl- ^ 
lowing relationship:. - * ' 

An^ - Ang ^-1% ' =30 

wherein 'An^ is a relative refractive index difference or^ *^ 
the outer core with respect to thexladding region, and - 
An2 is a relative refractive index difference of the inner 
core with respect to the cladding region. Namely, since 35 
the dispersion value of^the dispersion-shifted ■ fiber ■ : 
depends on an amount of depression (An^ - An^ of a 
depressed area corresponding to the core center region 
in its refractive index profile in the diameter direction 
within the core region, it is necessary for this amount of 40 
depression to be at least 1 .0% in order to obtain a suffi- 
cient dispersion value. The above-mentioned relation- 
ship between the outside diameter 2a' of th3 inner core 
and the outside diameter 2b of the outer core is inde- 
pendent of the values of relative refractK^e index differ- 45 
ences An^ and Ang. 

Further, reducing the relative refractive index differ- 
ence An2 of the inner core with respect to the cladding 
region (enhancing its absolute value when it is negative) 
is effective in shortening cutoff wavelength. Accordingly, so 
taking account of short-haul light transmission, in order 
to yield a cutoff wavelength of 1 ,550 nm or less at a fiber 
length of 2 m, it is necessary for Ang to be not greater 
than -0.4%. 

Though the* cladding region can have a unitary 55 
structure (hereinafter referred to as matched cladding 
structure), it can also be constituted by an inner clad- 
ding disposed around the outer periphery of the outer 



core and having a third refractive index lower than the 
second refractive index (refractive index of the outer 
core), and an outer cladding disposed around the outer 
periphery of the inner cladding and having a fourth 
refractive index higher than the third refractive index. 
Namely, the dispersion-shifted fber can have a refrac- 
tive index profile of a depressed cladding/ring-shaped 
core structure (double structure). . 

Since the dispersion-shifted fiber having a 
depressed cladding structure has an effect to decrease 
undesired 2-mode light, as compared with the disper- 
sion-shifted fiber having a matched cladding structure 
without a depression, the depressed cladding Structure 
is effective to make a cutoff wavelength of 2-mode light 
become short. However, in the refractive index profile of 
the depressed cladding structure, when a width, which 
corresponds to a thickness (c-b) of the inner cladding, of 
a depression to be provided therein becomes too nar- 
row (namely, the value 2c^b approaches 1) or when a 
width of a depression provided therein becbmes too 
wide (namely, the value 2c^b becomes too large), an 
effect of the depressed cladding structure with respect 
to the matched cladding structure can not be obtained. 
Therefore, it is necessary that the inner cladding has an 
appropriate outer diameter to the outer core, and it is 
preferable that; the dispersioii-shifted fiber having a 
refractive index profile of a depressed cladding/ring- 
shaped core structure satisfies the "following relation- 
ship:- ^. 'V \ 

1.2^ 2cy2b :£ 2.2. • ^ - . >: 

in the dispersion-shifted fiber having a refractive 
index p.'ofile of a depressed cladding/rir.g-shaped core 
structure, An^ is a relative refractive index difference of 
the outer core with respect to the outer cladding, 
whereas An2 is a relative vefractive index difference of 
the inner core with respect to the outer cladding. In this ' 
case, its cutoff wavelength becomes* shorter than that of 
a dispersion-shifted fiber. having a refractive index pro- 
file of a simple ring-shaped core structure with no 
depressed cladding structure, even when tiie values of 
relative refractive index differences An^ and An2 in the 
former are the same as those in the latter. 

On the other hand, in the conventional optical fiber 
disclosed in the above-mentioned Japanese Patent 
Application Laid-Open No. 8-248251, the optical power 
distribution (or electromagnetic field distribution) is max- 
imized at the core ceriter of the optical fit>er. In order to 
increase -the effective core cross-sectional area'A^ff 
while maintaining the form of optical power distribution 
having such a characteristic, it is necessary to broaden 
a skirt portion in tiie optical power distribution. Thus, in 
order to broaden the skirt portion in the optical power 
distribution, the conventional optical fiber is provided 
witii another segment (outer core) disposed outside tiie 
center segment (inner core). 

As can also be seen from the above-mentioned 
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expression (2). however, in the above-mentioned dis- 
persion-shifted fiber having a refractive index profile of a 
dual-shape-core structure or depressed claddtng/dual- 
shape-core structure, when the effective core cross- 
sectional area A^ff is increased, mode field diameter 5 
(MFD) increases together therewith. 

Due to the foregoing reasons, the optical fiber of the 
above-mentioned Japanese Patent Application Laid- 
Open No. 8-248251 , which is designed so as to enlarge 
the effective core cross-sectional area. Aqa, .may -be 10 
problematic in that bending loss increases as the effec- 
tive core cross-sectional area A^ff becomes larger. 

Therefore, in order to effectively restrain the nonlin- 
ear optical phenonr>ena from occurring while keeping 
the value,, of MFD small, the dispersion-shifted fiber is 
according to the present invention has, at least, a refrac- 
tive index profile of a ring-shaped core structure, 
thereby, in a aoss section perpendicular to a wave- ; 
guiding direction of signal light, the part where the opti- • 
cal power distribution in the fundarnental mode of signal 20 
light or its accompanying electromagnetic field distribu- 
tion is maximized is radially separated from the center 
of the core region by a predetermined distance. 

Even in an optical fibe;r having a refractive index 
profile of a ring-shaped cpre structure., when the outside - 25 
diameter of its inner core Js small, it does not yield a - 
large difference in term$ of the optical power distritxjtion - 
of propagated light or jtS"accompanying,;e!ectromag- 
netic field distribution as compared with an optical fiber 
having a refractive index profile other than that of the so 
ring-shaped core structure. Namely, even in the optical 
fiber having a refractive index profile of a ring-shaped - 
core structure, when the outside diameter of the inner 
core is small, the part where the optical power distribu- 
tion of signal light in the fundamental mode or electro-, ss 
magnetic field distribution is maximized becomes to - 
substantially overlap with the center of the core region. . 
\r\ such a state, the characteristic of the refractive index 
profile with a ring-shaped cpre structure can not fully be 
exhibited. , 40 

Specifically, in the dispersion-shifted fiber accord- 
ing to ttie present invention, in a cross section perpen- 
dicular to a wave-guiding direction of signal light, the 
part where tiie optical power distribution of signal light in 
a fundanriental mode or its accpnnpanying electromag- 45 
netic field distribution is maximized is radially separated . 
from the center of the core region by about 0.5 ^m to 
about 5 [im. 

In this case, satisfying the condition of expression 
(3) mentioned in ttie following is particularly preferable so 
in order to fully exhibit tiie effects of the refractive index 
profile witii.a ring-shaped core structure. Namely, the 
dispersion-shifted fiber according to the present inven- 
tion satisfies a relationship of: 

.55 

Pi >1.^xPo (3) 
wherein Po-is an optical power of signal light in the fun- 
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damental mode at the center of the core region or an 
Intensity of its accompanying electromagnetic field, and 
Pi is a maximum value, in a radial direction from the 
center of the core region, of optical power distribution of 
signal light in the fundamental mode or its accompany- 
ing electromagnetic field distribution. 

As a result, while keeping the MFD of the disper- 
sion-shifted fiber at a small value, tiie effective core 
cross-sectional area A^ff can be made greater, tiiereby 
the nonlinear optical phenomena can' be reduced with- 
out increasing bending loss. 

The dispersion-shifted fiber according to the 
present invention is a dispersion-shifted fiber whose 
zero-dispersion wavelengtii is shifted from the center 
wavelength (1,550 nm) of tiie above-mentioned 1.55- 
^m wavelength band by a predetermined amount. Thus, 
as the effective core aoss-sectional area Aefj is 
enlarged while the zero-dispersion iwavelength is 
shifted, signals can be more effectively restrained from 
deteriorating due to four-wave mixing. 

The present invention will be mare fully understood 
from the detailed description given hereinbelaw and the 
accompanying drawings, which are given by way of 
illustration only and are not to be considered as limiting 
the present invention. 

Further scope of applicability of the present inven- 
tion will become apparentifrom the detailed description 
given hereinafter- However, it should be understood that 
the detailed desaiption and specific examples, while 
i indicating preferred embodiments of tiie invention, are 
given by way of illustration only, since various changes 
and modifications v/itiiin'the spirit, and scope of the 
invent'on will be apparent to those skilled in the art from 
this detailed description. , 

BRIPF DESCRIPTION OF THE DRAWINGS • ■ 

Rg. 1 is a view showing a cross-sectional structure 
of a dispersion-shifted fiber according to a first 
embodiment of the present invention and its refrac- 
tive index.profile in a diameter direction; - : 
Rg. 2 is a graph showing, in a dispersion-shifted 
fiber having a refractive index profile of a ring-' 
shaped core structure, changes- in- effective core 
CTOSS-sectional area A^fi and MFD when its core, 
diameter 2b (outside diameter of Uie outer core) is 
changed: ; . 

Rg,. 3 is a graph showing, in a dispersion-shifted 
fiber having a refractive index profile of a ring- 
shaped core structure, changes in cutoff wave- 
length and dispersion slope at a fiber lengtii of 2 
m when its core diameter 2b (outside diameter.of 
ttie outer core) is changed; 
Figs. 4 to 7 are graphs for explaining changes in bit 
error rate (BER) caused^ by changes in dispersion 
slope, respectively showing those .at dispersion 
slopes of 0.03 ps/nm^/km, 0.05 ps/nm^/km, 0.09 
ps/nm^/km, and 0.12 ps/nm^/km; 
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Fig. 8 is a view for explaining Q value; 
Fig. 9 is a view for explaining an optical power dis- 
tribution in the fundamental mode of signal light in 
the dispersion-shifted fiber of Fig. 1 (including its 
cross-sectional structure and its refractive index s 
profile in a diameter direction); 
Fig. 1 0 is a view for explaining an optical power dis- 
tribution in the fundamental mode of signal light in a 
dispersion-shifted fiber according to a comparative 
example of the first embodiment (including its io 
cross-sectional structure and its refractive index 
profile in a diameter direction); 
Figs. 1 1 and t2 are views each showing a aoss- - 
sectional structure of a dispersion-shifted fiber 
according to a modified exanrtpl e cf the first embod- is 
iment and its refractive -index profile in a diameter 
direction: . . ^- - 

Fig. 13 is a view showing a cross-sectional struc- . ■ 
ture of a dispersion-shifted fiber according to a sec- < 
ond embodiment of the present invention and its 20 
refractive index profile in a diameter direction;. 
Fig. 1 4 is a view for explaining an optical power dis- . - 
tribution in the fundamental mode of the signal light 
in the dispersion-shifted fiber of Fig. 13 (including 
its crossrsectional structure and its refractive index 25 
profile in a diameter direction); . 
Figs. 15 and 16 are views each showing a aoss- 
sectional structure of a dispersion-shifted fber 
according to a modified exanriple of the: second 
embodiment and its refractive index profile in a 30 
diameter direction; : - ^ 

Fig. 17 is^a table for explaining tolerances of struc- . 
tural parameters for realizing -various characteris- 
tics; of the dispersion-shifted fiber according to the . 
present invention; - * .35 

Fig. 18 is a graph showing a relationship between 
the outside diameter of the inner core and the out- 
side diameter of the outer core for realizing various 
characteristics of the dispersion-shifted fiber 
according to the present invention; : 40 
Fig. 19 is a graph showing an electromagnetic field 
distribution (corresponding to an optical power dis- 
tribution) in a diameter direction in the dispersion- 
shifted fiber according to the present invention: . ' 
Fig. 20 is a graph showing a re^iatiorrship between 45 
distance (^m) from the center of the core region to 
apposition 'Where the electromagnetic field value 
(corresponding to optical power) is maximised and 
MFD (^m) in the dispersion-shifted fiber according 
to the present invention, so 
Fig. 21 is a graph showing -a relationship between 
distance- (fim) from the center of the core region to 
a position where the electromagnetic field value 
(corresponding to optical power) is maximized and 
increase in loss (dB/Km) caused by microbend; ss 
Fig. 22 is a table showing various characteristics of 
specific sanrples in the dispersion-shifted fiber- 
according.to ttie present invention; 



Rg. 23 is a graph showing an example of refractive 
index profile in the dispersion-shifted fiber accord- 
ing to the present invention and its optical power 
distribution along a diameter direction thereof; and 
Rgs. 24 to 27 are views showing examples of 
refractive index profile applicable to the dispersion- 
shifted fiber according to the present invention. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

In the following, embodiments of the dispersion- 
shifted fiber according to the present invention will be 
explained with reference to Rgs. 1 to 27. In tiie explana- 
tion of the drawings, constituents identical to each other 
will be referred to with numerals identical to each other- 
without their overlapping descriptions being repeated: 

Embodiment 1 

Rg, 1 is a view showing a cross-sectional structure 
of a dispersion-shifted fiber according to a first embodi- 
ment of the present invention and its refractive index 
profile in a diameter direction. AS shown in Fig. 1. this 
dispersion-shifted fiber 100 is a single-nrxxie optical 
fiber mainly composed of silica glass for propagating 
signal light in a wavelength band of 1.55 ^lm (1,500 to 
1 ,600 nm), comprising an inner core' 1 11 having an out^ . 
side diameter of 2a and a refractive index of n^ ; an.outer 
^ coro 112 disposed around tiie* outer periphery of the 
inner ca'e 1 1 1 and having an outside diameter of 2b 
(i.e., diameter of a core region 110 is 2b) and a refrac- 
tive index of r\2 (> n^); and a. cladding region-210 dis- 
posed around the outer periphery of tiie outer core 112, 
having, a refractive index of na (< n2). Here, the core 
region 1 1 0 is constituted by the inner core 111 and the 
outer core 112. Also, a refractive index profile 101 indi- 
cates refractive index at each -part on line LI in ttie 
drawing; - • 

The dispersion-shifted fiber. 100 is set such that, as 
characteristics at a wavelengtii of 1 ,550 nm, its absolute 
value of dispersion is within the range of 1.0 to 4.5 
ps/nm/km, dispersion slope is within the range of 0.05 to 
0.09 ps/nm^/km, effective core cross-sectional area is at 
least 70 jinrt^, and cutoff wavelength at 2 m length is at 
least 1.300 nm. 

In a preferred example thereof, when the refractive 
index n^ equals to the refractive index na (i.e.. relative 
refractive index difference An2 of the inner core 1 1 1 with 
respect to the cladding region 210 is zero), the relative 
refractive index difference An<| of the outer core 1 12 with 
respect to the cladding region 210 which is defined by: 

Ani=(n2'-n3V(2n3') (4) 

is 1.5%, the core diameter (outside diameter 2b of tiie 
outer core 1 12) is 9 ^im. and ratio Ra (= a/b) of the out- 
side diameter 2a of the inner core 1 1 1 to the diameter 
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2b of the core region 110 is 0.6; obtained at a wave- 
length of 1.550 nm are: 



dispersion (ps/nm/km) 


-2.28 


dispersion slope (ps/nm^/km) 


0.082 


effective core cross-sectional area (^m^) . 


* 78.2 


MFD (^im) 


6.2 


cutoff wavelength (nm) at 2 m length * , 


2.510. 



In this specHication, each relative refractive index differ- . is 
ence is indicated by percent 

In this preferred example, the cutoff wavelength is 
2,510 nm, thus failing to guarantee single-mode propa- 
gation of signal light in the 1 .55-^m band at a fiber . 
length of 2 m. Nevertheless, since the cutoff wavelength 20 
becomes shorter as the transmission distance 
increases, the cutoff wavelength becorties shorter than 
the wavelength of signal light in the case of long-haul 
transmission such as that on the order of 1 .000 km, thus ' 
leaving no problern in practice (allowing, single-mode'ii'^s 
propagation tOt he guaranteed)* !- ' 

FigK2 is a graph showing changes in effective core : : 
cross-sectiprialareafAoff and MFD when the core diaftl^' ' 
eter 2b-(corrjesponding to outside diameter of the outer . - 
core 1 12) is changed nln Ftg. 2;. the relative refractive x30 
index drfference An^ Is 1.5%, and Ra'(=ia/b) is 0.6. 

Wean be seeri from Fig: 2. that, within the range: 1} 
where the core diameter 2b is not greater than A \itr\^ ' 
both effective core cross-sectional area A^ff and MFD> 1 
decrease ais the core diameter 2b Increases. Within the t;; '35 
range where the core - diameter 2b is greater lhan 4;^: 
fim, byicontrast. it can be seen that, as the core diame->:' 
ter 2b increases, while the MFD deaeases, the effective>i:- 
core cross-sectional area A^ff increases. Namely, it can 
be seen that there are two values of core diameter 2b 40 
yielding the same effective core cross-sectional area 

AeH- 

Fig. 3 is a graph showing changes in cutoff wave^ : 
length and dispersion slope at a fitter length of 2 m 
when the rcore diameter 2b. (corresponding to outside 45 
diameter of the outer core 2b) is changed. In Fig. 3, the 
relative refractive indox difference An^ is 1.5%, and Ra 
(= a/b) is 0.6. 

It can be seen from Fig. 3 that the cutoff wavelength 
Xq becomes longer as the core diameter 2b Increases, so 
On tlie other hand, it can be seen that, as the core diam- 
eter 2b increases, the < dispersion slope decreases 
within the range where the core diameter 2b is not 
greater than 4 ^m. increases within the range where the 
core diameter 2b is greater than 4 jim and not greater 55 
than 7 ^m. and decreases again within the range where 
the core diameter 2b is greater than 7 ^m. 

Accordingly, it can be seen from Figs. 2 and 3 that. 



in general, when setting the effective core cross-sec- 
tional area A^h to a predetermined value, a desired 
value of dispersion slope can be selected from two dif- 
ferent dispersion slope values. ■ 

Figs. 4 to 7 are views for explaining changes in bit 
error rate (BER) at 5 Gbps accompanying changes in 
dispersion slope. Upon measurement, for transmitting 
16 waves of signal light (center wavelength is 1,557.2 
nm, wavelength interval is 0.55 nm), while the disper- 
sion value at the center wavelength is -2 ps/nm/km and 
the effective core cross-sectional area is 70 jim^. the 
dispersion slope (ps/nm^/km) is changed among 0.03 
(see Fig. 4). 0.05 (see Fig. 5), 0.09 (see Rg. 6), and 
0.12 (see Fig. 7). Also, the transmission distance of the 
dispersion-shiffed fiber to be measured Is set to 9,000 
km. while optical fibers for dispersion compensation (in 
practice, single-mode optical fibers for the band of the 
1.3-fim band, whose dispersion value at tfia center 
wavelength is 18 ps/nm/km) are inserted therein at 
' intervals of 400 km in order ito nullify accumulated dis- 
persion at the center wavetength;" In each of Figs. 4 to 7. 
the ordinate' indicates Q value which is a value equiva- 
lent to bit error rate, r ! . 1 

'Rg.S is a>iew for explainingtheabove^entioned 
Q value. As shown in Fig. E, in an eyepatterreof a wave- 
form of signal light at a recervihg end. the Q value is 
defined by: ■ - ; . 

. Q (dB) = 10 X log [(vt - VoM^ V+-^6)1 (5) 
• . ^ ■ ■ ■ . • ; ■ r ' ^ - 

wherein vq is a mean value of light intensity at logic "O" 
level, ao is a standard deviation of light 'intensity at logic 
"0" level. -vi is a mean- value of lightintensity at Jogrc "r 
levelvand is a standard deviation jof light intensity- at 
logic T level. . ^c. :^^ ^' /iii y^-<yii ■ 

:Here.r when transmitting light; -BEHiof^ 1 0'^^ of less in 
the above-mentioned transmission distance is:a suffi- 
dentperformance. The BER of 10"^ or less is'^equivalent 
toaQvalueof 15.7dBormore.- vr »e 

As can be seen from Figs. 4 to 7; the Q value dete- 
riorates more at center channels when the dispersion 
slope value is smaller, while it deteriorates -more at 
longer wavelength regions when the dispersion :slope 
value is greater. It seems to be because four-wave mix- 
ing is likely to occur at wavelengths in the vicinr^/ of the 
center channel when the dispersion slope :vatue is 
small; and because, as the dispersion value increases 
in a long-wavelength region such as channel numbers 
of 14 to 16 when the dispersion' slope value is large, a 
synergistic effect of greatly accumulated dispersion and 
self-phase modulation is generated. 

Accordingly it can be seen that there is an appro- 
priate dispersion slope value for reducing BER in a 
wavelength band. of signal light, i.e., for iiTiproving the Q 
value in this wavelength band. Specifically, it can be 
seen from Figs. 4 to 7 that, the dispersion slope value 
where BER becomes 10'^ or less, which is considered 
to be a sufficient performance as mentioned above, is 
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from 0.05 to 0.09 ps/nm^/km. 

Fig. 9 is a view for explaining an optical power dis- 
tribution in the fundamental mode of signal light in the 
above-mentioned prefened example. As shown in Fig. 
9, in a cross section perpendicular to the wave-guiding s 
direction of signal light, the part where the optical power 
distribution in the fundamental mode of signal 
light(equivalent to the electromagnetic field distribution 
accompanying the propagation of signal light) is maxi- 
mized is set at a position radially separated from the io 
center of the core region 110. 

When the optical power in the fundamental mode of 
signal light at the center of the core region 1 1 0 is Pq and 
that the maximum value of optical power distribution is 



P^ , the following expression stands: is 

Pi = 5.5xPo>1.2xPo (6) 

Thus, the above Pi satisfies the condition of the above- 
mentioned expression (3). 20 



Fig. 1 0 is a wew for explaining an optical power dis- 
tribution in the fundamental mode of signal light in an 
optical fiber according to a comparative example In 
which its relative refractive index difference An^ is 1.5% 
(^1 = Ps) an:^ Ra (= a^b) is 0.6. while it has the same 25 
effective core woss-sectional area Aejf (= 78 \irr^ ls 
that of the cfispersion-shifted fiber shown in Fig. 9. > 

As shown in Fig. 10. the Optical fiber according to - 
the comparative e:;anrple corrprises an inner core 1 91 
having an outside diameter (2a) of 1.36 ^rn and a ' 30 
refractive index of n^; an outer core 192 disposed 
around the outer periphery of the innar core 191 and - 
having an outside diameter (2b) of 2.26 ^im (i.e.. diame- 
ter of a core region -190 is 2;26 jxm) and a refractive- * 
index of r)^{> h'\)\ and a cladding' region 290 disposed' -^5 
around the outer periphery of the outer core 192 and ■ 
having a refractive index of (< ng). Here, :he core - 
regiorj 1 90 is constituted by the inner core 191 and the ' : 
outer core 192. 

As can be-seen from Fig. 10, in the optical fiber 4o 
accading to the comparati\.'e example, in a cross'sec- 
tion perpendicular- to the wave-guiding direction of sig- 
nal light; the opvical power distribution in the 
fundamental nriode of signal light is maximized at the ' 
center of the core region 190. • 45 

When tie optical power in the fundamental mode of 
signal light at the center of the core region 1 90 is Pq and 
that the maximum value of optical power distribution in 
the fundamental mode of signal light is P^. the following 



expression stands: ' -so 

Pi = Po<1.2xPo (7) 

Thus, the above Pi fails to satisfy the condition of 
the above-mentioned expression (3). S5 



This optical fiber ha& a dispersion slope of 0.126 
ps/nm^/km and thus cannot attain the above-mentioned 
favorable BE R. 



By contrast, in the dispersion-shifted fiber of Fig, 9, 
the optical power distribution in the radial direction in the 
fundamental mode has a depression at the center part. 
Therefore, by positively adopting a refractive index pro- 
file which yields such a power distribution as shewn in 
Fig. 6. a dispersion-shifted fiber having a large effective 
core cross-sectional area A^ff and a small dispersion 
slope can be realized. 

Though the foregoing explanation of the first 
embodiment relates to a refractive index profile in which * 
the refractive index n^ of the inner core 1 1 1 is tiie same 
as the refractive index of the cladding region 210, the 
refractive index profile can also be-such that, as shown 
in Fig. 11, the refractive index n^ is greater than the 
refractive index n^'. Alternatively, as shown in Fig. 12. 
the refracdve index profile can be such that refractive 
index n^ is less than refractive index n3. 

For exanple, in tiie dispersion-shrfted fiber shown 
in Fig. 12/ when the relative refracttve index difference 
An^ of the outer core 1 "12 with respect to the cladding 
region 210 which is defined by: 

An^ =(n2 2 -n3 V(2n3^) (8) 

is 1.1%, relative refractive index difference An2 of the 
inner core 1 1 1 witfi respect to the cladding region 210 
which is defined by: . ^ 

Ah2-(n^'-n3?)/(2n3^ (9) 

is -0.6%' the core diameter 2b (outside diameter of the- 
outer core) is 6.8 ^m. and ratio Ra (= ayb) of the outside 
diameter 2a of the inner core 111 to the diameter 2b of 
the core region 1 10 is 0.6; obtained at a wavelengtii of 
1 ,550 nm are: 



dispersion (ps/nm/km) 


-2.18 


dispersion slope (ps/nm^/km) 


0.086 


effective core cross-sectional area (^m^) 


81.4 


MFD(Hm) 


7.6 


cutoff wavelength (nm) at a length cf 2 m 


1,500. 



In this example, the cutoff wavelength at 2 m length 
is 1 ,500 m. which is shorter than the wavelength of sig- 
nal light in tiie 1 .55-pm band, thus making it usable for 
short-haul transmission as well. 

Second Embodiment 

Rg. 13 is a view showing a cross-sectional struc- 
ture of a dispersion-shifted fiber according to a second 
embodiment of the present invention and its refractive 
index profile in a diameter direction. As shown in Rg. 
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13, this dispersion-shifted fiber 200 is a single-mode 
optical fiber for propagating signal light in the I.SS-nm 
wavelength band and. in particular, has a refractive 
index profile 201 of a depressed cladding/ring-shaped 
core structure. Namely, the dispersion-shifted fiber 200 5 
of the second embodiment comprises^an inner core 121 
having an outside diameter of 2a and a refractive index 
of n^; an outer core 122 disposed around the outer 
periphery of the inner care 121 and having an outside 
diameter of 2b (i.e.. diameter of a core region 120 is 2b) 70 
and a refractive index of n2 (> ni); an inner cladding 221 
disposed around the outer periphery of the outer core • 
122 and having an outside diameter of 2c arid a refrac- 
tive index of ris (< n2);.and an outer cladding 222 dis- 
posed around the outer periphery of the inner cladding 75 
221 and having a refractive index of n4 (> n^). Here, the . 
core region 120 is constituted by the inner core 121 and 
the outer core 122,; whereas a cladding region 220 is 
constituted by the inner cladding 221 artd the outer clad- 
ding 222. Also, a refractive Index profile 201 Indicates ^20 
refractive index at each part on line L2 In the drawing. . ^ 

The dispersion-shifted fiber 200 is set such that, as 
characteristics at a wavelength of 1 .550 nm, Its absolute 
value of dispersion Is within the range of 1.0 to 4.5 
ps/nm/km, dispersion slope is withiri the range of 0.05 to 25 
0.09 ps/nm^/km, effective core cross-sectional area is at ■ 
least 70 finf , and cutoff wavelength at 2 m length, is at • 
least 1.300 nm. 

^ In a preferred exarnple thereof, vyhen the refractive 
index n^ equals to the refractive Index na, the relative 30 
refractive Index difference An^ of the oirter core 122vwlth 
respect to the outer cladding.222 which. is defined by: 

Ani.= (n2'-n4V{2n4');' , (10)^ 

^ " . 35 

is 1.1%, relative refractive Index difference Ang of the 
inner core 1 21 with respect to the outer cladding 222 
which is defined by: 

-An2=(n,'-n4 V(2n4 ') (11) 

Is -0.4%, the core diameter 2b (outside diameter of the- 
outer core 122) Is 9 ^m, ratio Ra (= a/b) Of the outside 
diameter 2a of the Inner core 121 to the diameter 2b of ; 
the core region , 1 20 is 0.6. and the outside diameter 2c 45 
of the inner cladding 221 is 18 obtained at a wave- ~ 
length of 1.550 nm are: 



. 50 



dispersion (ps/nm/km) 


•2.62 


dispersion slope (ps/nm^/km) 


0.076 


effective core cross-sectional area (^m^) 


80.1 


MFD (Mm) ' 


6.3 ' 


cutoff wavelength (nm) at a length of 2 m 


1,702. . 



In this preferred example, the cutoff wavelength is 
1,702 nm, thus failing to guarantee single-mode propa- 
gation of signal light in the 1 .55-|im band at 2 m length. 
Nevertheless, since the cutoff wavelength becomes 
shorter as the transmission distance increases, the cut- 
off wavelength becomes shorter than the wavelength of 
signal light in the case of long-haul transmission such 
as that on the order of 1 .000 km. .thus leaving no prob- 
lem in practice. 

In a dispersion-shifted fiber having a refractive 
index profile of a depressed cladding/ring-shaped core 
structure such as that of the second embodiment, when 
the, core diameter 2b is changed, the effective core^ 
cross-sectiona^ area and MFDl would change simi- 
larly to those in the first^embodlmerii I.e., as shown in 
Fig. 2. Accordingly, also in the case of such a disper- 
sion-shifted fiber, there are two values of core diameter 
2b yielding the same effective core cross-sectional area 

Also, in a dispersion-shifted f ibei' having a refractive 
index profile of a depressed cladding/ring-shaped core 
structure such as that of the second embodiment, v^hen ' 
the core diameter 2b is changed, the cutcff wavelength 
at 2 m length and dispersion slope would change in a- 
..manner similar to those in the first embodiment, i.e., as 
shown in Fig. 3. Accordingly, .also in the case of such a . 
dispersion-Ghrfted' fiber,' in. order to attain a predeter- 
mined value of effective core CToss-sectional area Aeff, 
in general,: a desired dispersion, slope, vak;e can be 
vSelected.from two different dispersion slope values. 

;.F:urth©r, in a dispersion-shifted ; fiber having a 
refractive index profile of a deprefse^ cladding/ring- 
shaped core structure f such ' as L-that-jQf:iithe^; second . 
embodiment, when the dispersion islopjals^ charged, 
1 BER at 5 Gbps would change in,a mannersinajlar to that 
in the first embodiment, tie., as shownjn Flgs.-4 to 7- • 
Accordingly, also In -"^he case of. such a dispersion- 
shifted fiber, the dispersionr slope, value, at >vhicfi BER 
becomes 10"^ or less is from 0.05 to 0.09 ps/r:m^/km.. , 

Fig. . 14 :s a view for explaining, an optical poyy^r dis- 
tribution of signal light in a fundamental .mode in a pre- 
ferred example of the second embodiment.. As shown in .. : 
Fig. 14, which is similar to frig; 9, in a cross section per- ■ r ., 
pendlcular to the wave-guiding direction of the* signal . 
light, the part where the opticcil power distribution of sig-. - 
nal light, In the fundamental mode Is maximized is set at 
a position radially shifted from the center of the., core ^ . 
region 120. ^ • 1 ,> 

When the optical power in the fundamental rriode of 
signal light at the center of the core region 120 is Pq and 
that the maximum value of optical power distribution Is 
Pi, the following expression stands: 

=.5.3xP3>1.2xPo (12) 

Thus, the above Pi satisfies the condition, of the 
above-mentioned expression .(3) . 

With respect to a dispersion-shifted fiber having a 
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refractive index profile of a depressed cladding/ring - 
shaped core structure such as that of the secorxj 
embodiment: in an optical fiber of a comparative exam- 
ple in which the relative refractive Index difference An^ is 
1.1%. th relative refractive Index difference An2 is - 
0.4%, and Ra (= a/b) is 0.6, while rt has the same effec- 
tive core cross-sectional area Aqu (= 80.1 jim^) as that 
of the dispersion-shifted fiber shown in Fig. 14, the opti- 
cal power distribution in the fundamental mode of signal 
light in a cross section perpendicular to the wave-guid- 
ing direction of the signal light is maximized in the vicin- 
ity of the center of the core region, thereby its dispersion 
slope cannot attain the above-mentioned favorable 
BER. 

By contrast, in tlie dispersion-shifted fiber of Fig. 
1 4, the optical power distribi!ton in the radial direction in 
the fundamental mode has a depression at the center 
part. When a refractive index yielding such an optical 
power distribution is positiv3ly utilized, a dispersion- 
shifted fiber having a large effective core cross-sec- 
tional area Aeff and a small dispersion slope can be real- 
ized. 

Though the' foregoing explanation of the second 
embodinrent relates to a refractive index profile in which 
the refractive index of the inner core 121 is the ssme ; 
as the refractive index of the inner cladding 221 , the 
refractive index profile can also be such that. £ls shewn 
in Fig. 15, the. refractive index n^ is greater than the ■ 
refracti-*re index ns. Alternatively, as shown in Fig. 16, 
the refractive index profile can be such tfiat tho refrac- 
tive index ni is less than the refractive index n^. • 

In the dispersion-shifted fiber having a depressed 
cladding structure as shown in Figs: 15 and 16. each of 
a width and a depth of a depression to be provided in 
the above refractive index profile should be set within an 
appropriate range. The width of depression corre- 
sponds to a thickness (c-b) of the inner cladding in a 
diameter direction of the fiber and the depth of depres- ; 
sion corresponds to a relative refractive index difference 
of the inner cladding with respect to the outer cladding. 

Since the dispersion-shifted fiber havir:g a refrac- 
tive index profile of a depressed cladding structure has 
an effect to decrease undesired 2-mode light as com- 
pared with the dispersion-shifted fiber having a matched 
cladding structure without a depression, it is effective to 
make a cutoff wavelength of 2-mode light become short. 
However, in the refractive index profile of the depressed 
cladding structure, when a width, which corresponds to 
a thickness (c-b) of the inner cladding, of a depression 
to be provided therein becomes too nan^a^v (namely, the 
value 2c/2b approaches 1) or when a wid^ of a depres- 
sion provided therein becomes too wido (namely, the 
value 2c/2b becomes too large), an effect of the 
depressed cladding structure with respect to the 
matched cladding structure can not be obtained. There- 
fore, it is necessary that the inner cladding has an 
appropriate outer diameter to the outer core, and it is 
preferable that the dispersion-shifted fiber having a 



refractive index profile of a depressed cladding/ring- 
shaped core structure satisfies the following relation- 
ship: 

5 1.2:<2c/2b^2.2. 

Additionally, in the dispersion-shifted fiber according to 
the present invention, it is necessary for the relative 
refractive index difference An^ of the outer core with 
10 respect to the cladding region (or outer cladding) and 
the relative refractive index difference An2 of the inner 
core with respect to the cladding region (or outer dad- 
ding) to satisfy the following relationship: 



15 



An. 



An 2 ^ 1%. 



Namely since the dispersion value of the disperT - 
sion-shifted fiber depends. In a refractive index profile in 
a diameter direction within its core region, on the 

20 .amount of depression (An-i - An2) of a depressed area 
corresponding to the core center regiori; in order to 
obtain a sufficient dispersion value, at least the amount 
of depression is required to be 1 .0% or more. 

For example, in the dispersion-shifted fiber having a 

25 refractive index profile as shown in Fig. 1 6. when the rel- 
ative refractive index difference An ^ of the outer core 
122 with respect to aie outer dadding 222 which is 
defined by: « : » / 



30 



Ani=(n2^-^n/)/<[2n4=^) (13) 



35 



is 0.97%, relative refractive index difference Ang of the 
inner core 121 with respect to the outer dadding 222 
which is defined by: 

An2 = (n/--n4 V(2n4 2) : . (14) 



is -0.45%, relative refractive index difference Ans of t^;e 
inner cladding 221 with respecl.lo the outer cladding 
40 222 which is defined by: 



An3 = (n3^-n/)/(2n4 2) 



(15) 



is -0.20%, the core diameter 2b (outside diameter of the 
45 outer core 122) is 8 pm. ratio Ra (=ayb) of the outside 
diameter 2a of the inner core 121 to the diameter 2b of 
the core region 120 is 0.6, and ratio (2c/2b) of. the out- 
side diameter 2c of the inner cladding 221 to the outside 
diameter'2b of the core region 1 20 is 2.0; obtained at a 
50 wavelength of 1 ,550 nm are: 



55 



dispersion (ps/nm/km) 

dispersion slope (ps/nm^/km) 

effective core cross-sectional area (^m^) 



-1.88 
0.077 
83.0 
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(continued) 



MFD iiim) 

cutoff wavelength (nm) at a length of 2 m 



7.2 
1.473. 



When the optical power in the fundamental mode of 
signal light at the center of the core region 120 is Pq and 
that the maximurn value of optical power distribution is 
P^. the following expression stands: 



;s3.6xPo>1-2xPq 



Thus, the above Pi satisfies the condition of the 
above-mentioned expression (3). 

Further, when the relative refractive Index differ- 75 
ence An^ of the outer core 122 with respect to the outer 
cladding 222 which is defined by: . \ 



Ani=(n2^-n/)/(2n4 2) 



is 0.90%, relative refractive index difference An2 of thei 
inner core 121 with respect to the cuter cladding 222 
which is defined by: 



An2=(n,'-n4V(2n4') 



is -0.45%, relative refractive index difference Arig of the ; ^ 
Inner cladding 221 with respect to the outer cladding t 
222 which is defined by: 



An3 = (n3'-n4 ')/(2n4 



is -0.45%, the core diameter 2b (outside diameter of the. 
outer core 1 22) Is 8.3 nm, ratio Ra (= a/b) of the outside 
diameter 2a of the Inner core 121 to the diameter 2b of 
the core region 120 is 0.6, and ratio (2c/2b).of the out- 
side diameter 2c of the inner cladding 221 to the outside 
dianrteter 2b of the core region 120 is 1.5; obtained at a 
wavelength of 1 ,550 nm are: . 



dispersion (ps/nm/km) 


-2.19 


dispersion slope (ps/nm^/km) 


0.069 


effective core cross-sectional area (^m^) 


77.2' 


M'FD(nm)^ 


'7.0^ 


cutoff wavelength (nm) at a lerigth of 2 m ^ 


1,476.- 



When the optical power in the fundamental mode of 
signal light at the center of the core region 1 20 is Pq and 
that the maximum value of optical power distribution is 
Pi . the following expression stands: ss 



P^ s3.2xPo>1.2xP^ 



Thus, the above P^ satisfies the condition of the 
above-mentioned expression (3). 

Further, decreasing (or increasing the absolute 
value thereof when negative) the relative refractive 
index difference An2 of the inner core with respect to the 
cladding region (or outer cladding) is effective in short- 
ening its cutoff wavelength. Accordingly, when short- 
haul optical transmission is taken into consideration, it is 
necessary for An2 to be -0.4% or smaller in order to 
10 attain a cutoff wavelength of 1 ,550 nm or shorter at 2 m 

(16) . length. 
As various characteristics yielding each dispersion- 
shifted fiber mentioned above, tolerances of An^. An2, 
Ra (= 2a/2b), and 2b are shown in Figs. 17 and 18. In 
the case of a dispersion-shifted fiber having a refractive 
Index of a ring-shaped core Structure.' An-t is the relative 
refractive index difference of the outer core with respect 

to the cladding, region, whereas An2 Is the relative 

(17) ' - refractive index difference of the Inner core with respect 

20 to the cladding region.. In the case of :a:dispersion- 
shiftad fiber having a refractive index of a depressed 
dadding/ring-shaped core structure, An^ is the relative 
refractive index difference of the outer core with respect 
to the outer cladding, whereas An2 Is the relative refrac- 

(18) r25 tive index differente of theJnner coi'e with respect loihe 

outer cladding. . . ; . i : 

As can be seen from the table of Fig;- 17, In cwder to 
obtain the above-mentioned various characteristics, it is 
necessary-for the outside diameter 2a'Of.,the.laner.eore 
30 iand the outiside diameter 2b of.thaoutercore (meaning 

(19) as core diameter) to satisfy the following relationships: 
\' . . ■ ■ . • - I. ■-■ i;'^^'^ MCi^-;;:a.c ■ 

^ .:■ 0.4 ^ Ra {='2a/2b>^;0.8o v^rn!,. 

35 ^ . 5 ^m ^ 2b-^14;fim.' 7;;-;^^?- . . 

The above relationships do not depend on the rela- 
tive refractive index differences- An ^ and: An2. When 
these relationships are not satisfied,^ the above-men- 
,40 tioned various characteristics of the dispersion-shrfted 
fiber cannot be obtained. the graph of -Fig. ^18. ^the 
hatched area Is a region where the outside diameter 2a 
of the inner core and the outside diameter 2b iof the 
outer core (meaning as core diameter) . satisfy- the 
45 above-mentioned relationships. For example, r (a) when 
the values of Ra (= 2a/2b)jand'2b are in the area indl- 
cated by A In Fig. 18, the dispersion slope value 
becomes too large: (b) in the area indicated by B 
therein, the effective core cross-sectional- area Aeff 
eo becomes too large, and bending loss increases; (c) in 
the area indicated by C therein, the dispersion value 
becomes too large; and (d) in the area indicated by D 
therein, the effective core cross-sectional area A^ff 
becomes too small. 

As explained. In the foregoing, since the dispersion- 
shifted fiber according to the present invention is set 

(20) such that, as various characteristics at a wavelength of 
1 .550 nm. the absolute value of dispersion is within the 



11 



21 



EP 0 859 247 A2 



22 



range of 1.0 to 4.5 ps/nm/km, the effective core cross- 
sectional area Agft is at least 70 ^irn^, the cutoff wave- 
length at 2 m length is at least 1 ,300 nm. and the disper- 
sion slope is within the range of 0.05 to 0.09 ps/nm^/km; 
it can realize high<iuality long-haul optical transmission. 5 
while effectively restraining nonlinear optical effects 
from occurring. 

Further, since the dispersion-shifted fiber according 
to the present invention has a refractive index profile of 
a ring-shaped core structure (including a refractive .10 
index profile of a depressed cladding/ring-shaped core 
structure), the dispersion-shifted fiber having the above 
characteristics at the wavelengtli of 1550 nm can be 
realized favorably. 

Moreover, the refractive Index profile of the disper- 75 
sion-shrfted fiber according to. the present Invention is 
adjusted such that the position where the optical power - 
distribution in the fundamental mode of signal light is 
maximized is radially separated from the center of the 
core region by a predetermined distance Specifically, ^20 
the inventors prepared a plurality of optical fber sam- - 
pies each having a form of electromagnetic field distri- 
bution, (equivalent to the optical pov/er distribution) 
which can be approximately regarded as a Gaussian 
distribution, while the position where the electromag-. 25 
netic field distritxjt'on.is maximised is separated from . 
the center of the core region by a predetermined dis- - 
tance. Fig. 19 is a graph showing a typical example of 
electromagnetic field distribution in thus prepared plu- .11 
rality of optical f ber samples. In this graph, the electric 30 
field amplitude indicated in the ordinate is standardized 
with its maximum-value taken as 1 . 

Of thus prepared optical fiber samples, the inven- 
tors further selected -having an effective core aoss-sec- - 
tional area Agfj of about 80 ^im^, and investigated the 35 
relationship between the distance from the position of 
the maximum electromagnetic field, distribution to the 
center of the core region and the mode field diameter- : 
(MFD). Rg. 20 is a graph showing the dependence of 
MFD on- distance, whereas Fig. 21 is a graph showing:^ 40 
the dependence of loss caused by microbend on dis- ' 
tance. As shown in Rg. 20, within the range where the 
distance. from the center of the core region to the maxi- 
mum position - of electromagnetic field distribution is 
from about 0.5 ^m to about 2.5 ^m, MFD decreases as 45 
the distance increases, from which It* has been con- 
firmed thait the dispersion-shifted fiber according to the 
present invention can reduce MFD while keeping an 
effective core cross-sectional area Aeff equivalent to 
that in the conventional optical fiber. so 

On the other hand, as shown in Fig. 21, the longer 
is the distance from the center, of the core region to the 
position where the electromagnetic field distribution is 
maximized, the smaller becomes the loss caused by 
microbend. Accordirigly, when the microbend loss is 55 
taken into consideration, the above-mentioned distance 
should preferably be made as long as possible. Never- 
theless, when this distance, exceed 5 the cutoff 



wavelength extremely shifts to the longer wavelength 
side than the signal light wavelength.* thus failing to 
secure single-mode optical transmission. 

In view of the foregoing, the dispersion-shifted fiber 
according to the present invention is designed such that 
the position where the optical power distribution of sig- 
nal light in the fundamental mode is maximized is radi- 
ally separated from the center of the core region by 0.5 
|im to 5 pm. 

Rg. 22 shows results of measurement of various 
characteristics with respect to ligftt having a wavelength 
of 1.55 nm (1,550 nm) in two samples each having a 
refractive index profile of a single-ring structure. In this 
table. An" an An"^ respectively refer to relative refractive " 
. index differences of the inner and outer cores with 
respect to the cladding region which are defined as: 

An-={ni'-n^^^)/2n^/ (21) 

An" = (n2'-n,id')/2n,„' (22) 

wherein ni is the refractive index of the inner core, n2 is 
the refractive index of the outer core disposed around 
the outer periphery of the inner core, and n^^ is the 
refractive index of the cladding region disposed around 
the outer periphery, of the outer core, each of which is - 
expressed in terms of percentage. Also, : since the 
refractive Indexes in each equation can -be placed in 
random order, when the relative refractive index differ- 
..ence has a negative value.t it means that the refractive 
index of the CDrresponding .glass region- is lower than 
that of the cladding region. In the case of a refractive 
indjoxr profile of a depressed cladding structure,^ the 
above-mentioned reference refractive index n^d is the 
refractive index of the outer cladding, in the cladding 
region. 

In addition, nonlinear refractive index in 
this table is defined as follows. Namely, refractive index 
<N ) of a medium under strong light varies depending on 
the optical power. Accordingly, the effect. of the mini- . 
mum-order on this refractive index <N > is: 

(N) = (No>.+ <N^) • (23) 

wherein 

(Nq) is a refractive index with respect to linear 
polarization; 

(N2).is a nonlinear refractive index witii respect to 
third-order, linear polarization; and 
E is an optical electric field amplitude. 

Under strong light, the refractive index (N) of 
the medium is given by the sum of the norn^ 
value (Nq) and an increase which is proportional te the 
square of optical electric field amplitude E. In particular, 
the constant of proportion (N2) (unit: rr^N^) in the sec- 
ond term is called nonlinear refractive index. 
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Fig. 23 is a graph showing a relationship between 
the refractive index profile of sample 1 shown in the 
table of Fig. 22 and its optical power along a radial direc- 
tion from the center. The value of optical power is stand- 
ardized with the maximum value taken as 1, and 5 
indicated as the optical power is Its fundamental mode 
(LP01) and second-order mode (LP1.1). Also, each of 
samples 1 and 2 has a angle-ring structure, whereas 
germanium oxide is added to pure silica glass in the 
vicinity of the glass part (outer core) where the refractive 10 
index is maximized, which is disposed outside the core 
center (inner core], thus incr;easlng the refractive Index. 
By contrast, in the vicinity of the core center (inner 
core), pure silica glass is doped with fluorine: so that , 
refractive Index is lowered. . - : .15 

With respect to light having a wavelength of 1 .55 
^m (the center wavelength of 1.55-^m wavelength 
band: 1 ,550 nm). the optical fiber of sample 1 yields an 
effective core cross-sectional area A^ff of 87 jun^ and 
an MFD of 1 1 .2 jim, thus being capable of reducing the 20 
MFD by about 20% as compared with the conventional 
optical fiber having the equivalent effective core cross- 
sectional area A^ff, which yields an MFD of about 13 

Further, in order to evaluate^' loss caused- by 25 
microbend, the inventors wound the. dispersion-shifted • 
flbenof sample tiaround a reel having a diameter of 280 ^ 
mm'and-a surface provided with: sandpaper, and meas- i 
ured>fluctuations/in loss^before and after winding. As a' ..-: 
result; it has been .dbrrfirmed that/ while the increase in ' 30 
loss of sampleit with respect, to'^ light having' a wave^* 
length of 1.55 jim Is 0.19 dB/km. the conventional opti-' 
cal fiber yields an increase in loss of ;i. 12 dB/km, . 
whereby the dispersion-shifted fiber of sample 1 can- 
greatly reduce • the ihcrease in loss - caused : by ' 35 
microbend. ' . ■ 

in the dispersion-shifted fiber of sanrple 2, the posi- 
tion yielding the maximum optical power with respect to : 
light having a wavelength^of 1.55 ^m is separated from 
the core center by^aboui 3 \im.: For the light having a 40 
wavelength of 1.55 ^m, sample 2 has an effective core 
cross-sectional area Aeff of 86 ^m^ and an MFD of 1 1 .0 
Jim. Though the cutoff wavelength at 2 m length in 
each of samples 1 and 2 is 1 .7 \in\, which is longer than 
the wavelength used (1.55-^im wavelength band), both 45 
samples would effectively function In a single mode 
under their normal state of usage, since the single 
mode is guaranteed at a fiber length of 100 m or more 
with respect to light having a wavelength of 1 .SSijim. 

After the increase- in loss by microbend was simi- so 
larly evaluated in the dispersion-shifted fiber of sample 
2, it has been confirmed that its increase In loss is quite 
small, i.e., 0.11 dB/km. For the light having a wave- 
length of 1.55 nm, the wavelength dispenjion value of 
sample 2 is -2.6 ps/mm/km. That is, the dispersion ss 
value at the^ wavelength used is not zero (z ro-disper- , 
sion wavelength Xq is shifted to the longer wavelength ' 
side than the used wavelength of 1.55 ^m). Conse- 



quently, the occurrence of four-wave mixing, which 
causes signals in wavelength multiplexing transmission 
to deteriorate, is reduced. 

Though each of the above-mentioned samples 1 
and 2 has a refractive index profile of a single-ring struc- 
ture in which the inner core has a refractive index lower 
than that of the cladding region as shown in Fig. 24, 
they should not be restricted to this refractive index pro- 
file- Namely, the refractive index profile applicable to the 
dispersion-shifted fiber according to the present Inven- 
tion may be, for example, a structure in which the refrac- 
tive index of the inner core and that of the cladding 
region coincide with each other as shown in Fig. 25, a 
depressed ring structure shown in Fig. 26, or a double- 
ring structure shown in Fig. 27; 

As explained in the foregoing, in the dispersion- 
shifted f iber'according to the present invention, the posi- 
tion where the optical power distribution of signal light in 
the fundamental mode Is maximized is radially sepa- 
rated from the center of the core region by a predeter- 
mined distance, while, when the optical power in the 
fundamental mode of signal light at the .center of the* 
core region. is Pq and the maximum value xif the optical 
power distribution in the fundarttental mode is «Pi , the 
maximum value satisfies to be greaterthan the value 
of 1,2 timefe the optical power Pq at. the center of core 
region. Corisequently, it can realize a structure In which 
the effective- core cross-sectional area "Aeff can be ■ 
increased while keeping the made. field diameter (MFD) 
csmall: - . , ^ un-i^ • '..j" > 

In particular, when the position yielding theimaxi- 
mum value of optical power is separated from the center 
of the core region by: 0.5. to 5 jim, the effective: core 
CTOSS^sectional area /K^fean be efficiently enhanced; • 

Further, since the refractive index profile of the dis- 
persion-shifted'ftoer according to the present invention 
is designed such that desired values can be obtained as 
characteristics withTespect to light at the center wave- 
length (1.550 nm) in the 1 .55-nm wavelength band, it 
can effectively restrain nonlinear opticalopKeriomena 
from occurring. ' 

From the invention thus described, itswill be obvious 
that the 'implementation of the invention may be varied 
in many ways.'Such variations are not to be regarded as 
a departure from the spirit and scope of the inverrtbn, 
and all such modifications as would be- obvious to one 
skilled in the art are intended: for inctusionrwrthin the 
scope of the following claims. 

Claims 

1. A dispersion-shifted fiber for propagating signal 
light In a wavelength band- of 1.55 \im, said disper- 
sion-shifted fiber comprising a core •'egion extend- 
ing along a predetermined reference axis and a 
cladding, region provided around the outer periph- 
ery of said core region, said dispersion-shifted fiber 
having, at a center wavelength of said wavelength 



13 



25 



EP 0 859 247 A2 



26 



band of 1.55 characteristics of: 

a dispersion whose absolute value is from 1.0 
to 4.5 ps/nnVkm; 

a dispersion slope of 0.05 to 0.09 ps/nm^/km; 
an effective core cross-sectional area not less 
• than 70 \xrrP\ and 
a cutoff wavelength not less than 1 ,300 nm at a 
fiber length of 2 m. 

2. A dispersion-shifted fber according to claim 1, 
wherein said core region comprises: 

an innsr core having a first refractive index, and 
an outer core provided around the outer periph- 
ery of said inner core and having a second 
refractive index higher than said first refractive 
index; and. 

wherein said cladding region is provided 
around the outer periphery, of said outer core 
and has a refractive index lower than said sec- 
ond refractive index. ; 

3. A dispersion-shifted fber according to claim 2. 
wherein said dispersion-shifted fiber satisfies the 
following relationships: 

0.4 <, Ra (= 2a/2b) ^ 0.8 

5 ^m ^ 2b ^ 14 ^im 

wherein 2a is an outside diameter of said inner 
core, and 2b is an outside diameter of said outer 
core. 

4. A dispersion-shifted fiber according to claim 2, 
wherein said dispersion-shifted fiber satisfies the 
following relationship: 

An^ - Ang ^ 1% 

wherein An^ is a relative refractive index difference 
of said outer core with respect to said cladding 
region, and An2 is a relative refractive index differ- 
ence of said inner core with respect to said cladding 
region. 

5. A dispersion-shifted fber according to claim 4, 
wherein said relative refractive Index difference Aj^ 
of said inner core with respect to said cladding 
region is not greater than -0.4%. 

6. A dispersion-shifted fber according to claim 2, 
wherein said cladding region comprises: 

an inner cladding provided around the outer 
periphery of said outer core and having a third 
refractive index lower than said second refrac- 



tive index; and 

an outer cladding provided around the outer 
periphery of said inner cladding and having a 
fourth refractive index higher than said third 
5 refractive index. 

7. A dispersion-shifted fiber according to claim 6, 
wherein said dispersion-shifted fiber satisfies the 
following relationships: 

0.4 <, Ra (= 2ay2b) 0.8 

5tim^2b^14nm 

15 wherein 2a is an outside diameter of said inner 
core, and 2b is an outside diameter of said outer 
core. . . 

8. A dispersion-shifted fiber according to claim 6. 
20 , wherein said dispersion-shifted fiber satisfies the 

following relationship: 

1.2^2c/2b^2.2 

25 wherein 2c is an outer diametar of said inner clad- 
' ding, and 2b is an outer diameter of said outer core. 

9. A dispersion-shifted fiber according to claim 6. 
vfherein said dispersionrShifted fiber satisfies the , 

30'-: .'fojiowing relationship:;-':- - ..' \i ■ 

An^ - Ang ^1% ■ 

wherein Ani is a relative refractive index difference 
35 of said outer core with respect.to said outer clad- 
ding, and Ang is a relative refractive index difference 
of Sfiid inner core with respect to sajd outer clad- 
ding. 

40 10. A dispersion-shifted fiber according to claim 9, 
wherein said relative refractive Jndex difference An2 . 
of said inner core with respect to said outer clad- 
ding is not greater than -0.4%. 

45 11. A dispersion-shifted fiber according to claim 1. 
wherein, in a aoss section perpendicular to . a 
wave-guiding direction of said signal light, a part 
where an optical power distribution in tiie funda- 
mental mode of said signal light or an electromag- 

50 netic field distribution accompanied therewith is 
maximized lies at a position radially separated from 
the center of said core region by a predetermined 
distance. 

55 12, A dispersion-shifted fiber according to daim 11, 
wherein said dispersion-shifted fiber satisfies the 
following relationship: 
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> 1.2 X Pq 



wherein Pq is an optical power in said fundamental 
mode at said center of core region, and Pi is a max- 
imum value of said optical power distribution in said s 
fundamental mode. 

13. A dispersion-shifted fiber for propagating signal 
light in a wavelength band of 1 .55 ^m, said disper- 
sion-shifted fiber comprising a core region extend- io 
ing along a predetermined reference axis and a 
cladding region provided around the outer periph- 
ery of said core region, 

wherein a position where an optical power 
distribution in the fundamental mode of said signal is 
light is maximized is radially separated from the 
center of said Core region by a predetermined dis- 
tance; and 

wherein said dispersion-shifted fiber satis- 
fies the following relationship: 20 



Pi > 1.2x Pq 



wherein Pq is an optical power in said fundamental 
mode at said center of core region, and Pi is a max- 25 
imum value of said optical power distribution in said 
fundamental mode. 



18. A dispersion-shifted fiber according to claim 17. 
wherein said core region comprises: 

an inner core having a first refractive index, and 
an outer core provided around the outer periph- 
ery of said inner core and having a second 
refractive index higher than said first refractive 
index; and 

wherein said cladding region is provided 
around the outer periphery of said outer core 
and has a refractive index lower than said sec- 
ond refractive index. 

19. A dispersion-shifted fiber according to daim 18, 
wherein said cladding region comprises:. 

an inner . cladding provided ' around the outer 
periphery of said outer core and having a third 
refractive index lower than said second refrac- 
tive index; and 

an outer cladding provided around the outer 
periphery of said inner cladding and having a 
fourth refractive index higher than said third 
refractive index. 



14. A dispersion-shifted fiber according to claim 13, 
wherein said position where said optical power dis- 
tribution in said fundamental mode of said signal 
light is maximized is radially separated from said 
center of core region by 0.5-5 ^m. 

15. A dispersion-shifted fiber according to claim t3, 
wherein said dispersion-shifted fiber has an effec- 
tive core cross sectional area not less than 70 nm^ 
at a center wavelength of said wavelength band of 
1 .55 ^m. 

16. A dispersion-shifted fiber according to claim' 13. 
wherein said dispersion-shifted fiber has a zero-dis- 
persion wavelength set so as to shift from said 
wavelength band of 1 .55 ^m. 

17. A dispersion-shifted fiber according to claim 13, 
wherein said dispersion-shifted fiber has. at a 
center wavelength of said wavelength band of 1 .55 
^m, characteristics of: 

a dispersion whose absolute value is from 1 .0 
to 4.5 ps/nm/km; 

a dispersion slope of 0.05 to 0.09 ps/nm^/km; 
an effective core cross-sectional area not less 
than 70 jim^; and 

a cutoff wavelength not less than 1 ,300 nm at a 
fiber length of 2 m. 
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